Background. Contact screening is an essential component of all tuberculosis control strategies. We hypothesize that time-to-detection (TTD) in liquid culture of spontaneously produced sputum samples may help identify index cases at high risk of transmission.
time; false-positive results may occur because microscopy cannot distinguish between viable and nonviable bacilli [7, 8] . By contrast, automated liquid culture assays are highly sensitive (limit of detection, 10-100 cfu/mL), more rapid, and more reproducible than traditional techniques that use solid media [9] . They do not require multiple sputum samples to enhance sensitivity and are less operator dependent [9] . Liquid culture systems may identify positive samples within days (as opposed to the weeks required for culture on solid media) [10] .
Time-to-detection (TTD) is the time it takes for a sample to become culture positive for M. tuberculosis in an automated liquid culture system. TTD has been shown to be inversely correlated with bacterial burden and is therefore a surrogate measure of bacillary load [11] . To date, there has been no assessment of the relationship between TTD and transmission risk.
Individuals with radiographic evidence of cavitary pulmonary tuberculosis are more infectious; they have higher sputum bacillary loads at diagnosis with higher sputum smear grades and shorter TTD [12] [13] [14] [15] . Patients with cavities on chest radiograph (CXR) have longer times to sputum smear conversion compared with patients without cavities; they also have a delayed response to treatment, with a greater risk of recurrence and relapse [13, 16, 17] . Chest imaging plays a central role in the diagnosis of pulmonary tuberculosis, and, compared with culture, results are available with minimal delay. The systematic use of chest radiography is, however, hampered by variation in interpretation [18, 19] . Although this variation may be mitigated by the use of standardized scoring systems, existing systems are often complex and difficult to use routinely in the clinic setting [20] [21] [22] . Simpler radiographic scoring systems have been developed, but their relationship with sputum bacillary load has not been reported [23, 24] . Stratification of infectiousness and thus transmission risk using such parameters could prove useful in the organization of contact screening services and the prioritization of resources.
In this study, we hypothesize that shorter TTDs are associated with an increased risk of transmission. We compare the risk of transmission from smear-positive and smear-negative patients. We then evaluate a novel CXR scoring system in patients with pulmonary tuberculosis and validate it against TTD.
METHODS

Study Population
Birmingham is the second-largest city in the United Kingdom, with a population of approximately 1 million. In 2011, more than 500 tuberculosis cases were reported in the city, and the number of cases of active disease has steadily increased over the past 10 years [25] . Similar to other European cities, the majority of cases occur in people born outside the United Kingdom and in their descendants [26] .
A retrospective review of the electronic records of consecutive cases of pulmonary tuberculosis reported at Heartlands Hospital in Birmingham between 2010 and 2012 was performed, together with assessment of radiology and microbiology data. Ethical approval was obtained from the West of Scotland Research Ethics Committee for retrospective review of case notes and radiography. A waiver of the requirement for written consent was obtained.
All data were anonymized. All cases of pulmonary tuberculosis reported during the study period were microbiologically confirmed (spontaneously produced sputum samples or bronchoalveolar lavage specimens). All notified cases that were not microbiologically confirmed were subsequently shown to have alternative diagnosis and denotified. We obtained data on CXRs performed at the time of specimen acquisition, human immunodeficiency virus (HIV) status, and treatment completion. Only cases with completed contact screening data (those with identified contacts who attended clinical review) were included in the transmission analysis. Demographic details (age, gender, place of birth, ethnicity), microbiological results (smear status, TTD, M. tuberculosis clade), smoking history, and bacille Calmette-Guérin (BCG) vaccination history were collected.
Clusters of microbiologically confirmed active tuberculosis were confirmed by variable number of tandem repeats (VNTR) and mycobacterial interspersed repetitive units (MIRU) typing [27] , which was performed routinely on all M. tuberculosis isolates during the study period. The index case was assumed to be the first symptomatic case of pulmonary tuberculosis in all clusters identified; cases of extrapulmonary tuberculosis and latent tuberculosis were assumed to be secondary cases.
Laboratory Methods
Auramine staining and fluorescent microscopy of spontaneously produced sputum samples were performed by standard methods and reported as either smear-positive from ≥1 positive samples or smear-negative from ≥3 negative samples [28] . Positive smears were not routinely graded, in accordance with UK national guidelines [29] . Samples (sputum and bronchoalveolar lavage) were cultured for up to 70 days using the BACTEC 960 mycobacterial growth indicator tube system (MGIT; Becton Dickinson, Sparks, MD) in a BACTEC-MGIT-960 system according to the manufacturer's instructions. TTD was defined as the time (in days) at which the first sample became culture positive. Patients who were culture positive in bronchoalveolar lavage samples only, not in sputum, were recorded as having a TTD of >70 days.
Transmission Analysis
All individuals newly diagnosed with pulmonary tuberculosis were assigned a specialist nurse who screened contacts using the concentric circle approach [30] . Screening included a detailed interview, CXR, tuberculin skin test, and/or an interferon-gamma (IFN-γ) release assay. Positive contacts were reviewed and treated for active disease or latent infection according to national guidelines [31] . A transmission event ("contact positivity") was defined as a diagnosis of either active disease or latent infection in a recent contact of an index case.
Transmission rates were calculated as the proportion of transmission events in contacts who completed screening. Point estimates for transmission are presented with Wald 95% confidence intervals (95% CIs). The relative transmission rate of smear-positive patients was calculated as the proportion of smear-positive transmission events among smear-positive patients divided by the proportion of smear-negative events among smear-negative patients. The converse was used for the relative transmission rate of smear-negative patients [32, 33] .
Radiographic Assessment
A consultant radiologist (A. B.) and infectious disease physician (M. D.) who were blinded to previous radiology reports independently reviewed all CXRs and graded them as follows: 0, no abnormalities; 1, hilar lymphadenopathy only; 2, unilateral, focal consolidation; 3, bilateral consolidation; 4, unilateral cavities; 5, bilateral cavities; or 6, miliary disease. Pleural effusions were not classified separately but by the other abnormality identified; abnormalities considered unrelated to possible infectious tuberculosis were not recorded. CXR grades were reviewed and nonconcordant grades were discussed and adjudicated by a third experienced clinician (M. K. O.) until consensus was reached.
Statistical Analysis
The contribution of TTD to contact positivity was examined by logistic regression; a threshold of 9 days was chosen because we considered 9 days to be sufficiently short as to be of practical value in active contact tracing and because we found 9 days to have the maximum ability to discriminate the outcome of interest (Supplementary Figure 1) .
The multivariable analysis of the contribution of CXR grade to TTD was examined using Cox models, with the Breslow method used for resolving ties. Proportional hazards were verified by inspection of log-log hazard plots. Nonsmokers and ex-smokers were combined into a single group in all analyses because estimates for the 2 groups were similar. CXR grades were grouped as A (grades 0 and 1), B (grades 2-4), and C (grades 5 and 6) because inspection of the log-log hazard plots showed crossing of the survival curves within each group and violation of the proportional hazards assumption. This issue was resolved by the grouping used.
Statistical analyses were performed in Stata 12 (StataCorp, College Station, TX). Although linear regression was used to obtain estimates for the effect of CXR grade on TTD (sputum culture-negative patients were omitted), estimates from these models should be considered indicative only, because the method is not designed to cope with censored data and linear regression was not used for the multivariable analyses. Linear regression models were fit by variance-weighted least-squares (since the method does not assume homoscedasticity). Logistic and Cox models were fit by maximum likelihood estimation. P values were interpreted using Sterne and Smith's recommendations [34] . Variables were included in the final model if P < .10, except that smear-positivity was included in all models because it was of primary interest to this study. The 2-tailed Fisher exact test was used to compare categorical data.
Interobserver agreement for CXR scoring was assessed using Cohen kappa coefficient. Strength of agreement was considered poor for κ ≤ 0.20, fair for 0.20 < κ ≤ 0.40, moderate for 0.40 < κ ≤ 0.60, substantial for 0.60 < κ ≤ 0.80, and optimal for 0.80 < κ ≤ 1.00.
RESULTS
Characteristics of the Study Population
A total of 284 new cases of tuberculosis were reported during the study period, of whom 184 had pulmonary tuberculosis. Reasons for exclusion are given in Figure 1 . The characteristics of the study participants are summarized in Table 1 . The median age was 33 years (range, 5-89) and males comprised 52.2% of cases. In terms of ethnicity, those from the Indian subcontinent comprised 59.3% of the index cases and those from sub-Saharan Africa comprised 16.2%. A majority of index cases were not born in the United Kingdom (65.4%). More than half of the index cases were sputum smear-positive (51.5%) and the median TTD was 13 days (interquartile range, 8-21; Figure 2 ). Subgroup analysis of the 17 individuals for whom TTD data were not available showed characteristics (eg, age, gender, ethnicity, CXR grade) that were similar to those for the rest of the group. A total of 111 index cases were included in the transmission analysis ( Figure 1) ; 1246 contacts were identified, of whom 825 (66.2%) completed screening. A total of 165 contacts were positive (overall transmission rate 0.20), of whom 148 had latent infection (17.9%) and 17 had active tuberculosis (2.1%). There was no difference between the number of contacts who completed screening and long or short TTD. Index cases with a TTD < 9 days were associated with 359 of all contacts (28.8%) and with 287 contacts who completed screening (29.7%).
TTD Predicts Transmission
TTD was categorized as either short (<9 days) or long (≥9 days). The transmission rate (number of positive contacts per index case) was 0.32 (78/245) for index cases with a short TTD (95% CI, .26-.38) but 0.15 (87/580) for those with a long TTD (95% CI, .12-.18; P < .001; Figure 3 ). The majority of transmission events were due to latent tuberculosis (87.2% for short TTD and 92.0% for long TTD).
Short TTD was associated with a higher rate of transmission compared with long TTD (odds ratio [OR], 2.56; Table 2 ). This relationship remained after adjusting for previous BCG vaccination and smear-positivity (adjusted odds ratio [AOR], 2.10; Table 2 ).
Transmission was strongly associated with age (P < .001); index cases aged 20-39 years had the highest risk of transmission (OR, 2.91; AOR, 2.18; Table 2 ). Smoking status (P = .009) and previous BCG vaccination (P = .002) both predicted transmission in the univariable analysis but not in the multivariable analysis. Sex, ethnicity, and place of birth were not associated with transmission. Furthermore, there was no clustering between strains classified by VNTR-MIRU and TTD or smearpositivity.
We considered the possibility that latent tuberculosis was a less reliable measure of transmission than active tuberculosis because the majority of contacts had not been tested previously for latent tuberculosis and it was therefore not possible to prove recent conversion to a positive tuberculin skin test or IFN-γ release assay. We therefore performed the following sensitivity analysis: we rebuilt the logistic regression model with active tuberculosis as the only measure of transmission, treating contacts with latent tuberculosis as uninfected. In this sensitivity analysis, short TTD was still associated with a higher rate of contact positivity in both the univariable and multivariable analyses (OR, 2.67; AOR, 2.96), although the relatively small number of events (17 in total) meant that the 95% CIs were wider and crossed 1.
Smear-Negative Index Cases Also Transmit Tuberculosis
The relative transmission rate of smear-negative to smearpositive patients was 0. Table 2 ) in the univariable analysis, and this relationship disappeared completely after adjustment for TTD. Two of the 66 smear-negative patients (3%) and 35 of the 70 smear-positive patients had a TTD < 9 days. When the analysis was restricted to smearnegative patients, the direction of the association was consistent with the results presented above (for a TTD < 9 days, univariable OR, 3.93). However, there were only 7 patients who were smear negative with a TTD < 9 days, so it was not possible to present adjusted estimates for this subgroup.
CXR Score Predicts TTD
One hundred and thirty-six cases were used to evaluate the utility of the novel CXR grading scheme (Figure 1 ). The unweighted kappa score of interobserver agreement was 0.77 (95% CI, .68-.85) and with linear weighting it was 0.84 (95% CI, .77-.91), with strength of agreement between the CXR scorers considered substantial and optimal, respectively. The number of nonconcordant grades requiring adjudication was 23/136 CXRs (16.9%). Comparison of the novel grading scheme with a previously validated and well-established scoring system showed substantial agreement (unweighted kappa score, 0.69; 95% CI, .59-.79; linear weighted kappa score, 0.75; 95% CI, .67-.84), although the former was simpler to use [15] .TTD and CXR grade were inversely correlated, with a 1-point increase in CXR grade correlating with a reduction in TTD by 3.2 days (95% CI, 2.0-4.5; P < .001; Figure 4 ). In the Cox models, higher CXR grades predicted shorter TTD (grade A was the comparator; B: hazard ratio [HR], 2.68; C: HR, 6.27; Table 3 ), and this relationship persisted after adjusting for smear-positivity (grade B: adjusted hazard ratio [AHR], 1.67; grade C: AHR, 3.01; Table 3 ). Unsurprisingly, TTD was shorter in smear-positive patients (HR, 5.54; P < .001), and this correlation was independent of CXR score (AHR, 4.74; P < .001). TTD was not correlated with age, sex, ethnicity, country of birth, smoking history, previous BCG vaccination, or M. tuberculosis clade.
DISCUSSION
We show that an index case with a short TTD (<9 days) is associated with more than twice as many transmission events as a case with TTD ≥ 9 days. Also, we show that CXR grade at diagnosis correlates with TTD. To the best of our knowledge, this is the first evaluation of the relationship between TTD and transmission risk. Index cases with a TTD <9 days had a significantly higher transmission risk and TTD was a better predictor for this risk than smear status. Although liquid culture systems were not developed to quantitatively measure bacillary numbers, TTD has been shown to correlate well with mycobacterial burden [10, 11] . It has been suggested that such quantification may be used to guide duration of isolation of patients with pulmonary tuberculosis and also as a predictor of treatment response [16, 17, 35, 36] .
Microscopic examination of sputum smears for acid-fact bacilli is a rapid and widely used method of evaluating individuals suspected of having pulmonary tuberculosis. Sputum smear-positivity not only establishes a presumptive diagnosis of tuberculosis, it is also an indicator of infectiousness and risk of transmission [6, 32] .
Although sputum smears rapidly identify the most infectious tuberculosis patients, transmission may still occur from smearnegative patients. We report transmission rates for latent infection and active disease for smear-negative patients of 0.42 and 0.27, respectively. We found that smear-negative index cases accounted for 25% of all secondary latent infections and 18% of new active cases and therefore represent a significant transmission risk. Our findings are consistent with those of other researchers, with estimates of the relative risk of transmission from smear-negative patients of 0.21-0.47, suggesting that a substantial proportion of transmissions result in secondary cases from smear-negative patients [5, 32, 33, 37, 38] . Some Logistic regression models were fit with contact positivity (CP) as the outcome of interest. Age, smoking status, and previous bacille Calmette-Guérin were predictive of CP in the univariable analysis and therefore included in the multivariable model. Smear-positivity was included because previous evidence has shown it to be a useful predictor of CP.
Abbreviation: CI, confidence interval. a This is the comparator group and hence no estimate or confidence intervals are reported. studies indicate that a third of cases resulting from recently transmitted infection may be acquired following initiation by a smear-negative patient [32] . This is likely to be an underestimate of the contribution of smear-negative, culture-positive tuberculosis patients to transmission in resource-limited settings where direct smears are used without sputum concentration techniques to increase test sensitivity [32] . We suggest that TTD may play a role in quantifying the risk of transmission from smear-negative patients. A limitation of our study is the small number of patients who were smear-negative but who had a TTD < 9 days. However, TTD and sputum smear-positivity are highly correlated since both are dependent on bacillary burden in sputum. Such a subgroup would therefore be extremely difficult to include in any future study of this subject in any setting. We contend that the only pragmatic way of obtaining an estimate for the independent predictive utility of TTD is by the method we used, which is by simultaneous statistical adjustment for sputum smear-positivity and TTD in a multivariable model. Although the unadjusted OR for smear-positivity and contact positivity was 1.33 (95% CI, .90-1.96), this is consistent with values reported in previous literature. It may be expected that smear-positivity is not predictive in the multivariable model as smear-positivity and TTD are both surrogate measures of bacillary burden in sputum. These measures are therefore highly correlated; if one is a better predictor than the other, then it is to be expected that the inferior predictor will become one after adjustment in a multivariable model. However, it does not imply that the inferior measure is not correlated with the outcome.
Our novel CXR grading system required nonexpert review of plain CXRs and assignment of abnormalities to 1 of 7 simple grades. While cavitary disease is an important feature of many CXR scoring systems, assessment often uses complex measures to evaluate the number and size of cavities, the thickness of cavity walls, the site of cavities, and similar characteristics. Even recently devised "simple" scoring systems require the appraiser to estimate the percentage of lung affected and record the presence of cavitation (and sizes of cavities), effusions (and their volumes), consolidation, fibrosis, nodules, and miliary disease [23, 24] . We believe that the simplicity, ease of use, and robustness of our scoring system, as demonstrated by the high interobserver agreement, increase its practical usefulness in relation to the clinical setting.
Our study had a number of limitations. First, although the data were collected prospectively, they were not collected specifically for this study, and we were therefore unable to obtain information retrospectively on other potentially relevant factors such as diabetes status or vitamin D deficiency. Second, the number of contacts who completed screening was low (66.2%). However, it is the experience of many centers that a proportion of contacts identified do not attend for screening [39] . Third, a positive tuberculin skin test and/or an IFN-γ release assay may indicate acquisition in the distant past rather than recent latent infection. We attempted to address this in a sensitivity analysis, which showed that the effect of TTD on transmission was still present even when one considers only cases of microbiologically-proven tuberculosis in contacts as evidence of transmission (although we had too few positive cases among contacts in this cohort to reach statistical significance). Finally, this study excluded HIV-positive patients. Our findings therefore may not apply to individuals coinfected with HIV who are more likely to be smear-negative and typically demonstrate more subtle radiographic abnormalities [40] .
CONCLUSIONS
TTD of M. tuberculosis in liquid culture of spontaneously produced sputum can be used to effectively stratify patients with pulmonary tuberculosis according to risk of transmission.
Where it is available, TTD is superior to sputum smear microscopy for this purpose and will allow tuberculosis control services to better optimize the use of scarce resources. However, it is important to stress that all contacts, irrespective of the TTD of the index case, require screening. We have further shown that a robust nonexpert grading of CXRs correlates well with TTD. We believe that this novel grading system may be a useful tool in tuberculosis contact tracing, but that it requires further validation.
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